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Abstract. The expansion capacity and strength of expansive grout have a significant influence on the stress state of a supported
rock mass and the strength of a grout-rock mass structure. The expansion and strength characteristics are vital in grouting
preparation and application. To analyze the expansion performance and mechanical properties of expansive grout, uniaxial
compressive strength (UCS) tests, expansion ratio tests, XRD, SEM, and microscopic scanning tests (MSTs) of expansive grout
under different curing pressure conditions were conducted. The microevolution was analyzed by combining the failure
characteristics, XRD patterns, SEM images, and surface morphologies of the specimens. The experimental results show that: (1)
The final expansion ratio of the expansive grout was linear with increasing expansion agent content and nonlinear with
increasing curing pressure. (2) The strength of the expansive grout was positively correlated with curing pressure and negatively
correlated with expansion agent content. (3) The expansion of expansive grout was related mainly to the development of calcium
hydroxide (Ca(OH)2) crystals. With an increase in expansion agent content, the final expansion ratio increased, but the
expansion rate decreased. With an increase in the curing pressure, the grout expansion effect decreased significantly. (4) The
proportion of the concave surfaces at the centre of the specimen cross-section reflected the specimen's porosity to a certain

extent, which was linear with increasing expansion agent content and curing pressure.
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1. Introduction

Grouting reinforcement technology is widely used in
underground engineering support for fractured rock masses
(Saeidi et al. 2013, Wang et al. 2019). By grouting into rock
mass fractures, the friction force and cohesive force of the
fracture surfaces can be increased significantly improving
the overall strength and stability of the fractured rock mass
(Widmann 1996, Varol et al. 2006, EI Tani 2012).

With the widespread application of grouting
reinforcement in underground geotechnical support,
research has been widely developed on grouting materials
and the mechanical changes of rock masses after grouting
(Zhang et al. 2019) such as diffusion (Pedrotti ez al. 2017),
strength (Moayed et al. 2019), impermeability (Li et al.
2020), fatigue damage (Zhi et al. 2018), and the effects of
grout (Shimada 2014, Liu et al. 2000). The limitations of
traditional grouting materials are presented as follows:
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Portland cement is the primary cementitious material in
grouting, which can provide only a bonding effect in the
surrounding rock cracks. Portland cement undergoes dry
shrinkage after its solidification (Lai et al. 2020), which
may affect the bonding ability of the grout thus, referring to
the support idea of split-set bolts providing circumferential
prestress in rock masses by extruding rock in
circumferential directions (Zhang 2020, Liu ef al. 2020, Das
2020), adding an appropriate amount of expansion agent to
the grout is proposed to squeeze the rock mass on both sides
of the fractured surfaces. The grouting support for rock
masses is improved in a three-dimensional stress state.

Expansion agents are mainly used in geotechnical
engineering to compensate for concrete shrinkage caused by
temperature stress (Huang et al. 2019) as well as providing
intense expansion pressure (greater than 100 MPa) to
fracture the rock mass (Shang et al. 2018a, Shang et al.
2018b). High-efficiency soundless crush agents (HSCAs),
composed mainly of calcium oxide (CaO), are widely used
in rock fracturing and concrete structure demolition (De
Silva 2019, Natanzi et al. 2020, Laefer 2018). The basic
principle of its expansion (De Silva et al. 2017) is that, the
CaO reacts with water to form calcium hydroxide Ca(OH),
crystals, resulting in a solid volume expansion of
approximately 97% of Ca(OH), greater than the volume of
Ca0O. When HSCA is injected into a borehole, the volume
expansion squeezes the rock or the concrete which causes it
to fracture by providing strong expansion stress.

The expansion capacity and strength of expansive grout
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Table 1 Chemical composition of grout materials w(%)

Materials CaO SiO2 SO3 Fe203 ALO; MgO K.0 TiO2 NaxO
42.5 # Portland cement 44.00  30.12 2.05 2.05 11.66 4.74 1.07 0.29 1.73
HSCA 87.12 4.47 0.04 2.76 2.78 0.75 0.06 0.09 0.21

Materials

Hydration suspension
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.......................................

Sample preparation

Loading& Monitoring
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i

Fig. 1 Schematic of the experimental procedure

are important parameters that directly determine the
application potential of grouting reinforcement. If the
volume expansion of the grout is small, the supported rock
mass is not in a three-dimensional state. If the volume
expansion of the grout is large, it may directly fracture the
rock mass and cause a secondary failure. The expansion
evolution law of expansive grout and the influences of
expansion performance based on cement and expansion
agent contents (Yao et al. 2021) have been studied, but few
studies barely focus on its strength. If the grout is too weak,
the bearing capacity of the grout-rock structure becomes
poor. In addition, in underground geotechnical engineering,
the expansion behavior and strength of expansive grout are
different under different in situ constraints stress, they are
of great significance in expansive grout preparation and
application under different curing pressures.

To analyze the expansion performance and mechanical
properties of expansive grout under different curing
pressure conditions, expansion ratio tests, UCS tests, XRD,
SEM, and microscopic scanning tests (MSTs) were
conducted. The macroscopic expansion performance and
mechanical properties of the expansive grout were
analyzed, including the volume expansion, UCS and failure
characteristics, aided by microevolution analysis from XRD
patterns, SEM images, and surface morphology.

2. Experiment

2.1 Materials

Table 2 Purification ratio

Water—cement Expansion agent Defoaming agent
ratio (%) (%)
0.7:1 0, 5,10, 15,20 0.25 0.1

FSA (%)

The chemical composition of the raw materials used in
the test includes; Huaxin 42.5 # Portland cement and
HSCA, they were analyzed by x-ray fluorescence
spectrometry (XRF), as shown in Table 1.

2.2 Proportion scheme

According to previous experiments, the water—cement
ratio was set as 0.7:1 (Yao et al. 2021), and the expansion
agent contents were set to 0%, 5%, 10%, 15%, and 20%.
Minimal amounts of flash setting admixture (FSA) and
defoaming agent were added to increase the cementation
speed and reduce the air bubbles in the grout, respectively.

The 20°C clean tap water was used as the mixing water.
The proportions are shown in Table 2.

2.3 Experimental procedure

The experimental procedure includes specimen
preparation and treatment, expansion ratio tests, UCS tests,
XRD, SEM, and MST. The experimental schematic is

shown in Fig. 1.

2.3.1 Specimen preparation
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Fig. 3 Schematic of the Expansion ratio, UCS, SEM, XRD, and MST test design
The cement, HSCA, FSA, water, and defoaming agent L
were mixed according to the proportions in Table 2. After ¢ =—x100% (1)
stirring, the mixture was poured into a steel mould with a hy

square bottom surface with side length dimensions of 70.7
mm x 70.7 mm and a height of 85 mm. The height of the
actual specimen in the mould was 70.7 mm, and the extra
height was reserved for the grout expansion. The specimens
were cured for seven days at a standard room temperature
of 20°C. The data of the following experiments were taken
on the seventh day, as the cement specimen's expansion did
not generally change anymore after seven days period.

2.3.2 Expansion ratio test

In this test, the specimens began to undergo curing
pressures after the final setting, approximately eight hours
after their preparation. The curing pressures were 0 MPa,
0.5 MPa, 1.0 MPa, 1.5 MPa, and 2.0 MPa; 0 MPa
representing no curing pressure. The other gradients of
curing pressures were loaded in a consolidation instruments.
A schematic of the expansion monitoring is shown in Fig. 2.
A dial indicator was used to monitor the volume expansion.
The final expansion ratios of the specimens were calculated
using Eq. (1). The design of the expansion ratio test is
shown in Fig. 3.

Where L is the final height of the specimens (mm), and
ho represents the initial height of 70.7 mm.

2.3.3 UCS test

Uniaxial compression tests were performed on some of the
expansion test specimens. The strength of the specimens with
different expansion agent contents (5%, 10%, 15%) and
different curing pressures (0.5 MPa, 1.0 MPa, 1.5 MPa, 2.0
MPa) was tested using a YZW-30A uniaxial compressor. Three
specimens were made for each condition and average values
were taken to ensure the accuracy of the results. The failure
characteristics were observed and analyzed. The specific test
scheme is presented in Fig. 3.

2.3.4 XRD, SEM, and MST

To explore the microevolution process of expansive grout
with different expansion agent contents and curing pressures,
different expansion agent contents were set under a 1.0 MPa
curing pressure, and different curing pressures were placed
under 10% expansion agent content.

Specimens for XRD and SEM were ground into small
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Fig. 4 Final expansion ratios of specimens under different conditions, (a) Different expansion agent contents (1.0 MPa)

and (b) Different curing pressures (10%)

pieces with smooth edges and immersed in 21 mm-wide
plastic bottles containing anhydrous ethanol to stop the
hydration of the cement. The specimens were dried in a dryer
for 1h purposely to remove moisture, some were ground into
powder before the test. The expansive grout's chemical
composition and microcrystal morphology were observed
using a Smartlab 3 kW x-ray diffraction and FEI Talos F200
high-resolution transmission electron microscope.

Specimens for MST were cut from the center point using a
metallographic specimen cutting machine, and the internal
surface of the specimen was observed using a vhx-5000 ultra-
depth of field digital micro scanner with 200 x magnification
to obtain the characteristic parameters of surface morphology.
The specific test scheme is presented in Fig. 3.

3. Expansion performance

The volume expansion ratio test results with different
expansion agent contents (curing pressure 1.0 MPa) and
different curing pressures (expansion agent content 10%)
are shown in Fig. 4.

3.1 Different expansion agent contents

Under the same curing pressure condition (1.0 MPa), the
expansion ratios of the specimens with different expansion
agent contents are shown in Fig. 4(a). The final expansion
ratio of the specimen was linear with increasing expansion
agent content. When there was no expansion agent in the
specimen, it gradually lost water and dry, leading to final
volume contraction. The expansion agent can effectively
compensate for the volume shrinkage of the grout under the
action of curing pressure and hydration (Wang et al. 2014).

The final expansion ratios of the specimens were -
0.21%, 0.06%, 0.62%, 1.52%, and 1.99% when the
expansion agent contents were 0%, 5%, 10%, 15%, and
20%, respectively. With different expansion agent contents,
the functional relationship between the final expansion ratio
p and the expansion agent content ¢ (Fig. 4(a)) is expressed
as

p=0.1179—0.376, R*=0.962 (2)

3.2 Different curing pressures

With the same expansion agent content (10%), the
expansion ratio of the specimen under different curing
pressures is shown in Fig. 4(b). The final expansion ratio of
the specimen was nonlinear with increasing curing pressure,
and the results with a curing pressure and no curing
pressure were significantly different. When the applied
curing pressure was low (0.5 MPa), the expansion of the
specimen was significantly less than without an applied
curing pressure, and there was little residual expansion.

When the curing pressure was moderate (1.0 MPa), the
grout expansion and development time was 24 h. When the
curing pressure was high (1.5 MPa, 2.0 MPa), most of the
inner water was precipitated out because the strength of the
specimen had a low setting time. The specimen volume
decreased at the beginning of the final setting before
gradually increased as well as continued to grow.

The final expansion ratios of the specimens were 4.7%,
1.36%, 0.62%, 0.45%, and 0.28% when the curing
pressures were 0 MPa, 0.5 MPa, 1.0 MPa, 1.5 MPa, and 2.0
MPa, respectively. Under different curing pressure
conditions, the functional relationship between the final
expansion ratio p and the curing pressure P (Fig. 4(b)) is
expressed as

L
1—0.503

3)

p:4.71—2><2.257{ ], R*=0.978

4. Mechanical properties
4.1 UCS

Fig. 5 shows the UCS of the specimens with different
expansion agent contents and curing pressure conditions.
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Fig. 5 UCS of specimens under different conditions, (a) Different expansion agent contents (1.0 MPa) and (b) Different

curing pressures (10%)
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4.1.1 Different expansion agent contents

It can be observed in Fig. 5(a) that under the same
curing pressure condition (1.0 MPa), the UCS of the
specimen decreased with an increase in the expansion agent
content. The strength of the groups with 5%, 10%, and 15%
expansion agent content reached 26.57 MPa, 24.40 MPa,
and 23.37 MPa, respectively. The was slight changes in the
strength under a 1.0 MPa curing pressure, and the
expansion ratio reached 0.06%, 0.62%, and 1.52%,
respectively. The results show that under the same curing
pressure and different expansion agent contents, the was
slight changes in the strength, but the expansion ratio
changed greatly, which means the curing pressure greatly
influenced the strength of the expansive grout. With
different expansion agent contents, the functional
relationship between the UCS(o.) and the expansion agent
content ¢ (Fig. 5(a)) is expressed as

o, =3113p"", R?>=0.997 (4)

4.1.2 Different curing pressures

As shown in Fig. 5(b), with the same expansion agent
content (10%), the UCS of the specimen increased with
increasing curing pressure. When the curing pressures were
0.5 MPa, 1.0 MPa, 1.5 MPa, and 2.0 MPa, the strengths
were 18.2 MPa, 23.40 MPa, 27.97 MPa, and 31.51 MPa,
and the expansion ratios were 1.36%, 0.62%, 0.45%, and
0.28%, respectively. The results show that under the same
expansion agent content and different curing pressures, the
strength and expansion ratio changed greatly, which means
the curing pressure also greatly influenced the expansion
ratio of expansive grout. Under different curing pressure
conditions, the functional relationship between the UCS(c.)
and the curing pressure P (Fig. 5(b)) is expressed as
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o, =23.49P%*, R?=0.998 (5)

During expansion, the volume of the grout was
restrained by the mold and the external curing pressure,
increasing the interior compactness and the UCS of the
expansive grout.

When the expansive grout was not cured under pressure
and free to expand, the hydration reaction and the volume
of the physical phase of CaO increased, which made the
distance between the compounds to increase thus,
macroscopically manifesting as an increase in the overall
micropores of the grout, and a lower degree of the
compactness, resulting in a decrease in its UCS. Also, when
the expansive grout was cured under pressure, the external
curing pressure caused a decrease in the pores, which
improves the degree of the compactness and increases its
UCS. The mechanism diagram is shown in Fig. 6.

4.2 Stress-strain curves

The stress—strain curves of the specimens with different
expansion agent contents and curing pressures are shown in
Fig. 7.

For all the specimens, the uniaxial compression was
experienced through the initial pore—fissure compaction,
elastic deformation, yield, and post—peak failure phases.
The characteristics of each phase were different with
different expansion agent contents and curing pressures, as
shown in Fig. 7.

4.2.1 Different expansion agent contents

With increasing expansion agent content, the strain
increased in the pore—fissure compaction and in the elastic
deformation phases, the resistance to deformation weakened,
the yield phase was prolonged, and the post-peak stress
decreased slowly (Fig. 7(a)).

Pore—fissure compaction phase (0—a): When the expansion
agent content was low (5%), the specimen's strain increased
slowly under axial load, but the stress increased continuously,
and the initial pore compaction phase demonstrated a convex

curve. When the expansion agent content was high (15%), the
compactness of the grout was relatively poor; under axial load,
the strain of the specimen increased, but the change in stress
slowed down.

Elastic deformation phase (a—b): The expansion agent
content significantly affected the linear elastic phase of the
compression process. When the expansion agent content was
low, the strain of the linear elastic phase was small, and the
resistance to deformation increased.

Yield phase (b—): The yield phase of the specimen
gradually lengthened with an increase in the expansion agent
content, and the specimen changed from brittle to ductility.

Post—peak failure phase (c—): When the expansion agent
content was low (5%), the stress decreased rapidly, and the
strain increased slowly after the specimen was pressed to the
peak strength, indicating strong brittleness. With an increase in
the expansion agent content (15%), the specimen had a specific
bearing capacity after the peak strength, and the stress
decreased slowly.

4.2.2 Different curing pressures

With an increase in the curing pressure, in the pore—fissure
compaction phase, the strain decreased as well as an increase
in the stress. The strain was reduced in the elastic deformation
phase, resistance to deformation increased, the yield phase
shortened, and the post-peak stress decreased at a faster rate
(Fig. 7(b)).

Pore—fissure compaction phase (o—a): The specimen
exhibited a downward convex curve under axial load. With an
increase in the curing pressure, the compactness of the
specimen increased, the strain decreased, and the stress
changes increased (Lu ef al. 2020).

Elastic deformation phase (a—b): With an increase in the
curing pressure, the specimen's strain decreased, and
deformation resistance increased.

Yield phase (b—): The yield phase shortened with an
increase in curing pressure.

Post—peak failure phase (c—): When the curing pressure
was low (0.5 MPa), the specimen had a specific bearing
capacity after the peak strength. With an increase in curing
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Fig. 9 Failure characteristics with different curing pressures (10%), (a)0.5MPa, (b) 1.0 MPa, (c) 1.5 MPa and (d) 2.0 MPa

pressure, the degree of compactness increased, the bearing
capacity decreased more rapidly, and the brittleness became
more apparent.

4.3 Failure characteristics

The compression failure characteristics of the specimen
after the uniaxial compression test are shown in Figs. 8 and 9.
The typical failure modes of the grout were analyzed based on
the expansion agent content and curing pressure.

4.3.1 Different expansion agent contents

With an increase in the expansion agent content, the failure
mode changed from tensile failure to shear failure which
increased the shear cracks and the main crack was gradually
bent at an angle, as shown in Fig. 8.

Under the 1.0 MPa curing pressure, when the expansion
agent content was low (5%), tensile cracks and a small
number of shear cracks appeared under an axial load. Some
of the tensile cracks run through the specimen, these were
approximately axially parallel, and a small area of brittle
chip cracking appeared on some end faces (Fig. 8(a)). When
the expansion agent content was moderate (10%), the
failure modes were tensile stress and shear stress, the shear
cracks increased and flake cracks appeared (Fig. 8(b)).
When the expansion agent content was high (15%), the
failure of the specimen was caused by an axial tensile main
crack, which appeared to bend at an angle and had a
secondary crack (Fig. 8(c)).

4.3.2 Different curing pressures
With an increase in the curing pressure, the compactness of
the specimen increased, the degree of chip cracking increased,

and the brittle failure characteristics became more obvious
after compression failure, as shown in Fig. 9.

With the 10% expansion agent content, when the curing
pressure was low (0.5 MPa), tensile cracks and few shear
cracks appeared in the specimen under axial load (Fig. 9(a))
(Zhang et al. 2021). When the curing pressure was moderate
(1.0 MPa), the degree of chip cracking increased, tensile failure
was dominant, and the brittle failure was more obvious (Fig.
9(b)). When the curing pressure was high (1.5 MPa, 2.0 MPa),
the cracking of the specimen was more severe, and the
integrity of the specimen decreased after failure (Figs. 9(c) and

9(d)).

5. Microevolutionary analysis

With different expansion agent contents and curing
pressures, the expansive grout's macro expansion properties
and mechanical properties were analyzed through XRD
patterns, SEM images, and surface morphology characteristics.

5.1 XRD patterns

Fig. 10 shows the XRD patterns of the specimens with
different expansion agent contents and curing pressures. The
structure of the diffraction patterns was similar, indicating that
the styles of hydration products of the expansive grout were
essentially stable after the final setting and were not affected by
the curing pressures. The main characteristic peaks were the
main hydration products, C-S-H and Ca(OH),, their positions
were essentially the same. The peak area of C-S-H was the
largest, and the other peaks corresponded to ettringite (Aft) and
a small amount of dicalcium silicate (C5S).
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Fig. 10 XRD patterns under different conditions, (a) Different expansion agent contents (1.0 MPa) and (b) Different

curing pressures (10%)

(1) The diffraction peak areas of Ca(OH), and C-S-H
increased with an increase in the expansion agent content (Fig.
10(a)), and the relative difference between the peak areas of
Ca(OH), and C-S-H gradually decreased, indicating a gradual
increase in Ca(OH), content.

(ii) The peak areas of Ca(OH), and C-S-H decreased with
increasing curing pressure (Fig. 10(b)), indicating the reduction
in hydration products and the degree of hydration.

5.2 SEM images

Figs. 11 and 12 show SEM images of specimens with
different expansion agent contents and curing pressures.

5.2.1 Different expansion agent contents

With an increase in the expansion agent content, the
content of Ca(OH), increased, and the specimen volume
increased. Ca(OH), had low strength and was extruded by C-
S-H with higher strength (Ylmén et al. 2009, Double et al.
1978), there were many pores in the specimen due to extrusion
and irregular crystal morphology, which weakened the strength
of the specimen.

0 When the expansion agent content was 0% (Fig.
11(a)), the absolute quantity of hydration products was
relatively small. The specimen mainly contains floc-like C-S-H
gels, hexagonal Ca(OH); crystals, and needle-like AFt crystals
(Colombo et al. 2018). After solidification, there were more
capillary voids in the specimen and less contact between the
crystals. Macroscopically, the grout volume decreased
somewhat after solidification due to less water consumed by
hydration and more significant drying shrinkage.

(i1) When the expansion agent content was 5% (Fig. 11(b)),
the amount of water consumed by hydration increased, the
absolute amount of hydration products increased, and the dry
shrinkage decreased owing to the CaO in the expansion agent.
The Ca(OH); crystals expanded and gradually filled the pores
between the crystals, increasing the resistance to dry shrinkage.
Macroscopically, the specimen slightly expanded.

(iii) When the content of the expansion agent was 10% or
15% (Figs. 11(c) and 11(d)), a large amount of CaO engaged in
the hydration reaction and produced hydration products.

Ca(OH);, crystals continued to grow and increase, with a
particular strength of C-S-H, making extrusion that resulted in
excessive expansion stress, destroying the internal structure,
producing pores, and reducing the degree of compactness.
Macroscopically, the specimen greatly expanded, but the
strength was reduced.

(iv) When the expansion agent content was 20% (Fig.
11(e)), the hydration products further increased. There were
many pores in the specimen due to extrusion between the C-S-
H gels and Ca(OH), crystals, the crystals became irregular.
Macroscopically, the specimen expanded further, but the
strength was lower.

5.2.2 Different curing pressures

With an increase in the curing pressure, the pores in the
specimen decreased, and the growth of Ca(OH), was limited,
the volume expansion of the specimens decreased. The higher
curing pressure increased the compactness of the specimen, as
well as its strength.

(1) When the curing pressure was not applied (Fig.
12(a)), there were more pores between the crystals, and the
hydration reaction was more complete. The growth of Ca(OH),
was not limited by the curing pressure, the content of Ca(OH),
was high, and the specimens had large volume expansion. The
specimens had many pores, and the compactness was low
under no curing pressure.

(i) When the curing pressure was 0.5 MPa (Fig. 12(b)),
compression between the crystals resulted in a reduction in
pore water and capillary water, and a subsequent decrease in
hydration products. Macroscopically, the volume expansion
ratio of the entire specimen was much smaller than without
curing pressure.

(iii) As the curing pressure increased to 1.0 MPa or 1.5
MPa (Figs. 12(c) and 12(d)), there were fewer pores between
crystals, the specimen compactness increased, and the
hydration process was further hindered. When the curing
pressure was 2.0 MPa (Fig. 12(e)), because C-S-H gels were
stronger than Ca(OH), crystals, further crushing of Ca(OH),
crystals occurs through extrusion. Macroscopically, the volume
expansion of the entire specimen continued to decrease, and
the strength was higher.
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Fig. 12 SEM images of different curing pressures, (a) 10%-0 MPa, (b) 10%-0.5 MPa, (c) 10%-1.0 MPa, (d) 10%-1.5

MPa and (e) 10%-2.0 MPa

5.3 Microscopic scanning images

Figs. 13 and 14 show cross-sections at the center of
specimens with different expansion agent contents and curing
pressures at 200 x magnification using a microscope scanner,
three positions were randomly selected for each specimen. The
concave surface proportion, represented in green, was
calculated using MATLAB based on the surface morphology
results.

The results show that the proportion of concave surfaces in
the specimen center's cross-section reflected the specimen's
porosity to a certain extent. The proportion of the concave

surface was linear with increasing expansion agent content and
curing pressure. It was consistent with the results of the SEM.
The higher the porosity, the lower the compactness, and the
higher strength, which was consistent with the strength
variation law of the expansive grout specimens.

5.3.1 Different expansion agent contents

It is observed in Fig. 13 that under the 1.0 MPa curing
pressure, the proportion of the concave surface increased
gradually with an increase in the expansion agent content,
indicating an increasing number of pores produced from
extrusion between Ca(OH), crystals and C-S-H. Thus, the
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degree of compactness was further reduced which decreased
the specimen strength.

The proportions of the concave surfaces were 19.02%,
16.67%, 26.25%, 30.02%, and 33.15%, with 0%, 5%, 10%,
15%, and 20% expansion agent content, respectively. It can be
noted that the concave surface proportion decreased when the
expansion agent content was 5%. The functional relationship
between the proportion of concave surfaces Y and expansion
agent content ¢ is shown in Fig. 13(f); the proportion of
concave surfaces of the specimen was linear with the
expansion agent content.

5.3.2 Different curing pressures

It can be observed in Fig. 14 that with the 10% expansion
agent content, the proportion of the concave surfaces decreased
gradually with an increase in curing pressure, indicating an
increase in the number of pores, occurrence of extrusion under
axial load, and a decrease in the pore water and capillary water
hindering the hydration reaction. The pores were further
compressed, which resulted in a higher degree of compactness
and an increased in strength, and the brittle failure
characteristics became more obvious.

The proportion of the concave surfaces was 34.59%,
28.34%, 26.25%, 23.4%, and 20.63% under curing pressures
of 0 MPa, 0.5 MPa, 1.0 MPa, 1.5 MPa, and 2.0 MPa,
respectively. The functional relationship between the
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proportion of the concave surfaces Y of the specimens and the
change in the curing pressure P is shown in Fig. 14(f),
indicating that the proportion of the concave surfaces of the
specimen was linear with the curing pressure.

With an increase in the expansion agent content, the
expansion ratio of the expansive grout increased with a
decrease in the strength. The results interpreted at the
microscopic level are as follows, expansion agent directly
affected the hydration process and produced more Ca(OH),
crystals, more pores occurred in the specimen due to extrusion
between the crystals, and the degree of compactness became
lower.

With an increase in the curing pressure, the expansion ratio
of the expansive grout decreased with an increase in the

strength. The results interpreted at the microscopic level are as
follows, the curing pressure directly increased the compactness
of the expansive grout. There were fewer pores between the
crystals, and the water required for Ca(OH), crystal volume
growth was less, further hindering the hydration process which
resulted in less production of Ca(OH); crystals.

6. Conclusions

Considering the expansive grout with HCSA as an
expansion source, the expansion performance and
mechanical properties under different curing pressure
conditions were analyzed using the expansion ratio tests,
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UCS tests, XRD, SEM, and MSTs. At the macro and micro
levels, the influencing factors of expansion performance
and mechanical strength were analyzed based on the
experimental results. From this study, the following
conclusions can be drawn:

(1) The final expansion ratio of the expansive grout was
linear with an increase in expansion agent content and
nonlinear with an increase in curing pressure. The
expansion effect was related mainly to the development of
Ca(OH); crystals thus, a higher expansion agent content
produced more Ca(OH), crystals. As the curing pressure
increased, the number of pores between the crystals
decreased, and the compactness of the grout increased,
hindering the hydration process of the Ca(OH), crystals'
generation as well as reducing the water content.

(2) The strength of the expansive grout was negatively
correlated with the expansion agent content and positively
related to curing pressure. More Ca(OH), crystals were
formed with an increase in the expansion agent content.
They were extruded with C-S-H at a certain strength,
resulting in excessive expansion stress, destruction of the
internal structure, and reduced compactness. Thus, the
strength of the expansive grout was reduced. With an
increase in the curing pressure, the internal pores were
compressed, and the compactness of the grout increased
significantly which increased the strength of the grout.

(3) With an increase in the expansion agent content, the
compactness of the grout decreased, and there were more
pores. The failure mode of the grout changed: tensile failure
was dominant, and shear failure occurred locally. With an
increase in the curing pressure, the grout became more
compact, the fracture degree increased, and the brittle
failure characteristics became more obvious.
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